Poincare duality in ten dimensions implies the existence of a scalar field strength, the magnetic dual of the ten-form field strength of the massive type IIA string theory. In this paper we summarize the evidence for the existence of point sources of the associated Dirichlet (-2)brane charge, from four independent perspectives: (i) the massive IIA supergravity Lagrangian and algebraic jade relations for the spectrum of pbrane tensions, (ii) a soliton solution of the massive IIA supergravity, and of M theory, exhibiting a point source of magnetic D(-2)brane charge, (iii) analysis of the global symmetry algebra of the massive type IIA supergravity theory, and, (iv) the worldsheet computation of the tension of a D(-2)brane in type I ′ string theory with boundary state description. We point out that the concrete worldsheet evidence for a Dpbrane spectrum with precisely twelve elements, −2 ≤ p ≤ 9, in the type II string theories can be understood as a simple consequence of Poincare duality for the associated field strengths in eleven dimensions. Further, since the (-1)form potential is simply the generator of spacetime translations in any dimension, we find, remarkably, that the full spectrum of Dirichlet pform potentials in higher dimensions, 0 ≤ d ≤ 11, can be inferred by the dimensional uplifting of a single, Poincare self-dual, (-1)form potential in zero dimensions.
Introduction
In this paper, we will assemble the evidence from four independent perspectives for the existence of point sources carrying Dirichlet (-2)brane charge in String/M theory. The individual pieces of evidence we quote have all appeared in the literature [10, 11, 12, 17, 27, 24, 23] ; our goal is to assemble these insights into a coherent argument for the existence of D(-2)branes. Following Polchinski's identification of the D8brane charge of the type II string with the mass parameter of Roman's ten-dimensional massive IIA supergravity theory [3, 1] , a Lagrangian formulation in ten dimensions incorporating a nine-form potential was provided by Bergshoeff, de Roo, Green, Papadopoulos, and Townsend [10] . It should be noted that this Lagrangian also contains a non-dynamical scalar field strength which can be eliminated by its equation of motion [14] . The observation that the termination of a fundamental string in the worldvolume of a Dpbrane, with all p+1 translation invariances broken, should act like a point source of the magnetic charge dual to the Dpbrane charge, is originally due to Polchinski and Strominger [8] . Such point sources of magnetic charge indeed appear in the soliton solutions of the D0-D8-F1 sector of the massive IIA supergravity theory analyzed by Massar and Troost [12] , and independently by Janssen, Meessen, and Ortin [11] . These authors found a new solution to the string beta function equations at leading order in the α ′ expansion which describes the following spacetime geometry: a fundamental string extending in the direction, X 9 , orthogonal to the worldvolume of an D8brane carrying, in addition, C 1 , and B 2 , fields. The termination point of the F string in the worldvolume of the D8brane with all nine translation invariances broken will act like a point source of Dirichlet(-2)brane charge, first noted by us in [24] . We will review the geometry of such supergravity solitons in section 2.
Uplifting this solution to M theory compactified on S 1 ×S 1 /Z 2 [5, 7] , we note that there is a corresponding M theory soliton with the following spacetime geometry: a fundamental string extending along the interval X 10 between orientifold planes in eleven dimensions, and terminating at a point within the worldvolume of a D9brane, with all ten translation invariances broken. Notice that Poincare-Hodge duality in eleven dimensions relates an eleven-form field strength with the scalar field strength coupling to a (-2)brane. Thus, once again, the termination of the F string on the D9brane with all ten translation symmetries broken will act like a point source of magnetic D(-2)brane charge in eleven dimensions.
The identification of point sources carrying D(-2)brane charge among the Dirichlet, or RamondRamond sector, solitons of the massive type IIA supergravity gets additional credence from a worldsheet formulation of the Dirichlet(-2)brane, first given by us in [24] . This discovery of the D(-2)brane grew out of the worldsheet formulation of a macroscopic loop amplitude in string theory, developments beginning with the Polyakov path integral representation of the off-shell tree propagation of a single closed string, a 1986 analysis due to Cohen, Moore, Nelson, and Polchinski [18] . The extension of their result for the pointlike off-shell propagator of bosonic string theory to the case of macroscopic boundary loops, C i , C f , at fixed locations in an embedding flat spacetime geometry, including extension to the supersymmetric type IIB string theory, was made by Chaudhuri, Chen, and Novak in 1999-00 [21, 22] . These worldsheet developments are reviewed from first principles in an accompanying paper [23] , where we also discuss the D(-2)brane from the perspective of the boundary state formalism for Dbranes [19, 20] .
The loop geometry considered in [21, 22] is that of a pair of spatially separated coaxial circular loops lying in the worldvolume of a space-filling D9brane of type IIB string theory, with all ten translation invariances within the worldvolume broken. Thus, the macroscopic loop amplitude calculates the sum over world-surfaces with the topology of an annulus and with boundaries mapped to a pair of fixed curves, C i , C f in the embedding ten-dimensional worldvolume of the D9brane. Let us orient the loops so that they wrap the X 9 direction, assumed to be compact of size L, while their distance of shortest separation, R, is in a direction parallel to the X 8 coordinate. As was pointed out by us in [24] , a T 9 duality will map this configuration to an D8brane in the type IIA string theory, with a pair of F strings extending orthogonal to the worldvolume of the D8brane, in the direction of the T-dual coordinate X 9′ . The spatial separation of the two points where the F strings terminate in the D8brane worldvolume is R, and all nine spacetime translations of these points within the D8brane worldvolume are forbidden. Thus, the macroscopic loop amplitude has been mapped to a sum over world-surfaces, with the topology of an annulus, but with boundaries mapped to a pair of fixed points on the D8brane. As we will show in section 3, the termination points will behave like point sources for Dirichlet(-2)brane charge. The factorization limit of this macroscopic loop amplitude computes the tension of the D(-2)brane, in precise analogy with the factorization limit of the annulus graph in [1] .
What is the evidence for the D(-2)brane and associated (-1)form potential from algebraic supergravity considerations that elevate electric-magnetic Poincare duality to a fundamental underlying principle of M theory? This question is addressed in section 4, where we first summarize conclusions from the jade relations for brane tensions due to Lavrinenko, Lu, Pope, and Stelle [17] , which exploits the doubled-field formalism of Cremmer, Julia, Lu, and Pope [16] . These authors took seriously the notion of a generalized electric-magnetic duality in the massless supergravities with 32 supercharges, introducing a dual potential for each of the antisymmetric tensor potentials, showing thereby that the equation of motion for each potential takes the form of a twisted self-duality condition analogous to Yang-Mills theory in four dimensions. Ref. [17] extends this analysis to the massive type IIA supergravity, incorporating T-duality to derive jade relations for the tensions of the tower of pbranes in their soliton spectrum. We should emphasize that there is no explicit construction of the spacetime metric and background fields characterizing the soliton spectrum in this purely algebraic analysis. Not surprisingly, ref. [17] points to the existence of a (-1)form potential, required by self-consistency with electric-magnetic duality. Finally, Schnakenburg and West make an insightful contribution to this picture by identifying the momentum generator, the generator of spacetime translations, as playing the role of the (-1)form potential in the global symmetry algebra of the massive type IIA supergravity [27] . These results are summarized in section 4.
Having convinced ourselves of the existence of the D(-2)brane, concluding that there are precisely 12 elements in the Dirichlet brane spectrum of the type II string theories, we point out in the conclusions in section 5 that this fact may be understood as a simple consequence of the Poincare duality property of the complete set of antisymmetric field strength tensors in eleven dimensions, F 0 · · · F 11 . Furthermore, since the (-1)form potential is simply the generator of spacetime translations in any dimension, we can equivalently infer the existence of a Dpbrane spectrum with only twelve elements as following from another simple fact: the full spectrum of supergravity pform potentials in higher dimensions, 0 ≤ d ≤ 11, can be inferred by the dimensional uplifting of the single, Poincare self-dual, scalar field strength in a zero-dimensional fundamental theory. The zero-dimensional matrix proposal for M theory given by us in [30] is a candidate that meets this requirement.
Point Sources of D(-2)brane Charge
Let us begin with the notion of generalized electric-magnetic Poincare duality [2, 14] . Recall that the antisymmetric tensor field strengths coupling, respectively, to a pbrane and (d-p-4)brane charges are related by a Hodge-star duality relation in d spacetime dimensions. In particular, Poincare duality in ten dimensions relates the quantized flux of the (p+2)-form and (8-p)-form field strengths as follows:
where ν d−4−p is the quantized flux of the (p + 2)-form field strength. The flux quanta of Dirichlet pbranes computed from first principles by worldsheet methods satisfy this equality with n equal to unity, for −1 ≤ p ≤ 9, as was shown by Polchinski in [1] . It should be noted that the coefficient of the worldvolume action for the Dpbrane is, instead, τ p , also known as the physical Dpbrane tension [1] . Finally, µ 6−p is the quantum of magnetic D(6-p)brane charge, related to the quantized flux of the field strength, F p+2 , obtained by integrating it over a sphere in (p + 2) dimensions:
Thus, the flux quantum satisfying a Poincare duality relation of the form given in Eq. (1) is identified as, ν p ≡ 2κ 2 10 µ p . The flux quantum, ν p , and the quantum of Dpbrane charge, µ p , differ from the Dpbrane-tension, τ p , in their lack of dependence on the closed string coupling. As a consequence, they can be calculated unambiguously in weakly-coupled perturbative string theory. Namely, we have the relations:
Here, κ is the physical value of the ten-dimensional gravitational coupling. and the dimensionless closed string coupling, g = e Φ 0 , where Φ 0 is the vacuum expectation value of the dilaton field. One of the remarkable facts about the Lagrangian for the massive ten-dimensional IIA supergravity theory is that it incorporates both a ten-form, and a scalar, field strength [3, 10, 14] : these are Poincare dual in ten dimensions. In the Einstein frame metric, the bosonic part of the massive IIA action takes the simple form [10, 14] :
where M is an auxiliary field to be eliminated by its equation of motion. F 10 is the non-dynamical ten-form field strength, which can be dualized to a zero-form, or scalar, field strength, * F 10 . This non-dynamical constant field generates a uniform vacuum energy density that permeates the tendimensional spacetime, thus behaving like a cosmological constant: F 10 = dC 9 , varying with respect to the gauge potential, C 9 , gives M = constant, and varying with respect to M gives, F 10 = Me 5Φ/2 V 10 , where V 10 is the volume of spacetime. Thus, we can identify the dualized scalar field strength: * F 10 = Me 5Φ/4 . The D8brane is a source for the ten-form field strength, and a solution to the beta function equations with the identifiable spacetime geometry and background fields of the D8brane is well-known [4] . Can we likewise identify a soliton solution of the massive IIA supergravity theory providing evidence for point sources of D(-2)brane charge?
The D(-2)brane is a source for the zero-form scalar field strength, * F 10 , the magnetic dual of the D8brane charge. Soliton solutions to the beta function equations of the massive IIA supergravity in the D0-D8-F1 sector have been studied in [12, 11, 25] . Consider a fundamental string terminating at a point within the worldvolume of a D8brane [8] . Generically, this configuration will break 1/4 of the supersymmetries of the type IIA string. Since the Killing spinor is annihilated by the projections of both D8brane and fundamental string, we would infer that the intersection of the worldvolumes of the D8brane and F1 string is a D0brane. This is because the product of either two projection operators gives the third:
There exists, not surprisingly, a classical soliton solution of the massive IIA supergravity with precisely these properties [11] [12] . We can make contact with the background geometry as described by Massar and Troost [12] , as was shown in [24] . A nice discussion of this soliton and its extension under SL(2, Z) to a whole multiplet of (p, q) soliton strings, first pointed out by us in [24] , has appeared recently in [25] . With the notation z=X 9 , t=X 0 , the background fields take the form:
The fundamental string extends in the direction perpendicular to the worldvolume of the D8brane, generically breaking 1/4 of the supersymmetries. But in the limit, Q→0, the soliton string breaks only half of the supersymmetries, and this is the case that will be of interest to us in this paper. Notice that in this limit, there is no background for the Neveu-Schwarz sector two form potential, and the Ramond-Ramond sector 1-form potential has only a possible constant component in the X 9 direction orthogonal to the D8brane.
For convenience, let us assume that the coordinate X 9 is compact of size L. We perform a T 9 duality that maps the massive IIA string soliton into a soliton solution of the type IIB string theory. The IIB soliton has the following spacetime geometry: the F1 string stretched out along the direction orthogonal to the worldvolume of the D8brane is mapped into a closed loop wound about a compact Neumann direction, within the worldvolume of a space-filling D9brane. The C 1 potential T-dualizes to C 2 , and the worldvolume of the D9brane therefore carries nontrivial D1brane charge. Referring back to the metric given above, we see that the D1brane charge is spread along the closed loop. Generically, this configuration breaks one quarter of the supersymmetries. Once again, we will only be interested in the limiting case of the BPS state obtained in the Q→0 limit.
Notice that the only aspect of our intuition missing in the spacetime geometry of this soliton is the requirement that the termination point of the F1 string in the D8brane be fixed: all nine translation invariances of the termination point within the worldvolume of the D8brane are to be forbidden. Since that is a simple geometric constraint, we will find it easy to implement in both the covariant worldsheet path integral approach, as well as from the perspective of the boundary state formalism, as shown in the next section.
Worldsheet Computation of the D(-2)brane Tension
In order to confirm our intuition that the fixed termination point of an F1 string on a D8brane will act like a point source of the magnetic dual D(-2)brane charge in the limit that the Q charge vanishes, we will calculate the long-range force between these sources. If they are indeed BPS objects in the pbrane spectrum, we expect a vanishing force law.
Recall that the Dpbrane tension can be extracted from the graviton-dilaton one-point function on the disk, localized in the worldvolume of the Dpbrane [1, 14, 23] . A simple trick to compute a correctly normalized disk amplitude is to obtain it from the factorization limit of the annulus graph, as was done in [1] . Consider a pair of spatially separated F1 strings extending along the interval X 9′ between orientifold planes, orthogonal to the worldvolume of D8branes at each end. We will perform this calculation in the anomaly-free, and infrared finite, type I ′ string theory, with a stack of 16 coincident D8branes on each of two orientifold planes. This background has Yang-Mills gauge group O(16)×O(16) realized on the worldvolume of either D8brane stack. We can focus attention on any one orientifold plane; an isomorphic configuration of a pair of F1 strings terminating on D8branes exists on the other orientifold plane. We will compute the sum over worldsurfaces with the topology of an annulus with boundaries mapped to a pair of fixed point sources lying within the same stack of D8branes. As explained above, the factorization limit of this amplitude yields the tension of the point source representing the termination of an F1 string at a fixed location on the D8brane stack. We reiterate that all nine translation invariances of the pair of termination points within the D8brane worldvolume are forbidden.
By invoking T 9 duality, we can map this amplitude to a macroscopic loop amplitude in the IIB string theory. The F1 strings are mapped into closed loops winding around the compact T-dual X 9 direction, each lying within the worldvolume of a stack of 32 space-filling D9branes. This is the O(16)×O(16) vacuum of the type I string theory in nine dimensions. We can label the macroscopic loops, C i , C f , with common length L equal to the circumference of the compact coordinate X 9 , such that their distance of nearest separation, R, is in the spatial direction X 8 . We will compute the sum over worldsurfaces with topology of an annulus and boundaries mapped to fixed loops C i , C f in the worldvolume of the space-filling D9brane. We emphasize that all ten translation invariances of the pair of loops within the worldvolume of the D9brane are forbidden. As reviewed in Section 6 and appendix D of [23] , such boundary conditions can be implemented from first principles using the covariant string path integral approach [18, 21, 22] . The Polyakov action contributes a classical piece corresponding to the saddle-point of the quantum path integral: the saddle-point is determined by the minimum action worldsurface spanning the given loops C i , C f . The result for a generic classical solution of the Polyakov action was given by Cohen, Moore, Nelson, and Polchinski in Ref. [18] . For coaxial circular loops embedded in the 10-dimensional flat spacetime geometry of the space-filling D9brane, we have a saddle-point action identical to that in [1] .
The basic methodology for the computation of the macroscopic loop amplitude is reviewed in [23] . We emphasize that worldsheet supersymmetry of the type IIB string theory does not introduce any new features in the treatment of the measure for moduli; this was clarified by myself and Novak in [22] . The main difference from the analysis of the annulus diagram of open and closed string theory is the implementation of boundary reparametrization invariance: although all 10 worldsheet scalars in the path integral are chosen to satisfy the Dirichlet boundary condition, reparametrization invariance of the map from the boundaries of the annulus to a given pair of loops in spacetime requires that we allow nontrivial boundary reparametrizations of the worldsheet metric (einbein) on the boundary [18, 21, 22] . The result is an additional contribution to the bosonic measure for moduli in the path integral, computible in terms of the functional determinant of the scalar Laplacian on the one-dimensional boundary of the worldsheet. Our result for the connected sum over worldsurfaces with the topology of an annulus with boundaries mapped onto spatially separated macroscopic loops, C i , C f , of common length L takes the form [18, 22, 23] :
The only change in the measure for moduli is the additional factor of (2t) 1/2 contributed by the functional determinant of the vector Laplacian evaluated on the one-dimensional boundary [18, 21, 22, 23] . The pre-factor in square brackets is of interest; recall that there is no spacetime volume dependence in this amplitude since we have broken translational invariance in all 10 directions of the embedding worldvolume. If we were only interested in the point-like off-shell closed string propagator, as in [18] , the result for the amplitude would be correct without any need for a prefactor.
1 However, we have required that the boundaries of the annulus are mapped to loops in the embedding spacetime of an, a priori, fixed length L. Since a translation of the boundaries in the direction of spacetime parallel to the loops is equivalent to a boundary diffeomorphism, we must divide by the (dimensionless) factor: L(4π 2 α ′ ) −1/2 . This accounts for the pre-factor present in our final result. We emphasize that the prefactor originates in boundary reparametrization invariance, correcting for an over-counting in the sum over maps from annulus boundary to fixed macroscopic loops in spacetime. Note that for more complicated loop geometries, the pre-factor in this expression can take a more complicated form [21, 23] . Let us take the factorization limit of the amplitude, expressing the Jacobi theta functions in an expansion in powers of q=e −2π/t . The small t limit is dominated by the lowest-lying closed string modes and the result is:
Repeating the steps in Polchinski's calculation of the Dbrane tension [1, 14, 23] , we infer the existence of a Dirichlet (-2)brane in the massive type II string theory with tension:
It will be helpful to consider the meaning of a D(-2)brane from the perspective of the boundary state formalism [19, 20] . For clarity, we can ignore worldsheet supersymmetry and both the worldsheet matter fermions, and superghosts, since, from the analysis in [21] , we know that the essential change in the boundary state has only to do with the bosonic sector of the string theory. Recall that the boundary state is simply the physical state in the Hilbert space that is annihilated by the boundary conditions on all two-dimensional fields, when interpreted as operator statements [19] . We remind the reader that the worldsheet metric of the classical Polyakov action is eliminated in favor of the Faddeev-Popov b,c, ghost fields [14] in the course of covariant quantization. Thus, in the bosonic sector, all we have left are the Dirichlet boundary conditions acting on the 10 twodimensional free scalar fields, and corresponding conditions on the bosonic ghosts. In terms of the free bosonic oscillators, the Dinstanton boundary state therefore satisfies the constraint [20] :
For the b, c ghosts, we have corresponding constraints:
Since the boundary state is a physical state in the Hilbert space, |B > is annihilated by the BRST charge, the operator responsible for implementing two-dimensional reparametrization invariance.
In particular, |B > is also required to be invariant under diffeomorphisms of the boundary:
, of the worldsheet annulus. This last constraint is trivially satisfied by the Dirichlet boundary states, −1 ≤ p ≤ 9, since all two-dimensional fields vanish on the boundary. In the extreme case of the Dinstanton, where the worldvolume is simply a spacetime point, the map from the boundary of the annulus to the worldvolume of the Dinstanton is trivial. The result takes the form [20] :
Since we have assumed rigid Dirichlet boundaries, |Ω > is the SL(2, C) invariant vacuum with zero (transverse) momentum orthogonal to the boundary [14] .
The boundary conditions we have imposed in our calculation of the macroscopic loop amplitude do not permit a trivial resolution to this last constraint. Requiring that the boundaries of the annulus map into loops at fixed locations in the embedding spacetime implies that we have broken all 26 spacetime translations. Thus, it is helpful to begin with the Dinstanton boundary state described above. Next, we must insert an operator in the transfer matrix whose purpose is to smear the location of the Dirichlet end-point over the specified loop C i , and likewise for C f . It is convenient to identify the direction parallel to the pair of coaxial circular loops as one of the coordinates of spacetime, call it X i . It follows that the operator that must be inserted in the transfer matrix is none other than the momentum generator,P i . Thus, we conclude that the boundary state that describes a Dirichlet(-2)brane is obtained by simply acting with the momentum generator on the boundary state of the Dinstanton.
Is it possible to make this identification more precise? We remind the reader that the normalization of a boundary state is, a priori, ambiguous, as already noted in [19, 20] . We should point out, however, that the normalization of the boundary state could be determined by matching to the factorization limit of the covariant path integral computation: as was shown in [1] , the one-loop amplitude factorizes on a closed string propagator connecting (normalized) one-point functions on the disk, each localized on a Dpbrane. In a recent paper [23] , we review these aspects in pedagogical detail.
The corresponding one-loop amplitudes in the operator formalism can be written as follows. Identifying the modular parameter of the one-loop amplitude as a fictitious "time", the integrand can be interpreted as the transfer matrix for two-dimensional field theory data from an initial boundary state, |B i >, to a final state, |B f >. The precise measure of the one-loop string amplitude is difficult to motivate from first principles without the path integral derivation, but the integral over t is easily justified by invoking two-dimensional conformal invariance. Thus, the sum over worldsurfaces with the topology of an annulus, and with boundaries terminating on a spatially separated pair of Dinstantons, or D(-1)branes, can be equivalently interpreted in terms of the transfer matrix formalism as follows:
where L 0 ,L 0 , are the zero modes of the Virasoro generators, including both matter and ghost degrees of freedom, the vacuum energy of the SL(2, C) invariant vacuum is −1, and we have separated the classical contribution to the Hamiltonian. Comparing with the expressions in [1, 23] , the reader will note that the normalization of the Dinstanton boundary state and, consequently, of the oneloop string amplitude in the operator formalism is, apriori, unknown and ambiguous [19, 20] . The corresponding expression for the channel amplitude in the case of the Dirichlet(-2)branes takes the form:
whereP acts in the direction parallel to the coaxial circular loops. The covariant path integral expression derived in [18, 21, 22, 23] gives concrete meaning to the various terms in this operator representation.
One of the interesting properties of the BPS states in the type II brane spectrum is their isomorphic ultraviolet-infrared behaviour: the force law between Dpbranes takes identical form at short and long distances. The D(-2)brane is no different in this respect, as already noted in [21, 24] . Let us quote the result for the full short-distance asymptotic expansion of the force between D(-2)branes in the presence of a constant electromagnetic background field. We comment that this expression was derived in collaboration with Chen and Novak in [21] prior to a full appreciation of its physical interpretation as the short distance force law for point sources carrying D(-2)brane charge:
where the γ(2n + 
where the B 2m are the Bernoulli numbers. Notice that the coefficient of the k=1 term in both sums vanishes, so that the leading contribution to the short distance potential behaves as −α 4 /r 9 , precisely as expected for (-2)branes:
The range of integration has been taken to span the first period of the sine function, 0 ≤ αt ≤ 1, as discussed in [14, 21] . This result was the first concrete hint indicating a possible interpretation of the slow-moving point sources of [21, 22] as sources of Dirichlet(-2)brane charge, as pointed out in [24] .
Global Symmetry Algebra of Massive IIA Sugra
What is the evidence for the D(-2)brane and associated (-1)form potential from algebraic supergravity considerations that elevate electric-magnetic Poincare duality to a fundamental underlying principle of M theory?
Let us begin by summarizing conclusions from the self-dual doubled field formalism introduced for supergravities with 32 supercharges by Cremmer, Julia, Lu, and Pope [16] . This formalism introduces a dual field for each pform supergravity potential, as a consequence of which the equations of motion take first order form and can be succinctly formulated as a twisted self-duality condition on a single generalized field strength [16] . Not surprisingly, the original pform gauge transformations are now embedded in a larger noncommutative structure. Introducing a generator corresponding to each potential as well as its Poincare dual, [16] find that the doubled field formalism is characterized in general by a Lie superalgebra. 2 Lavrinenko, Lu, Pope, and Stelle [17] extend this analysis to the massive IIA supergravity theory, showing that such noncommutativities, taken together with the T-duality symmetries, imply a tight set of relations among the various pbrane tensions. These have been called jade relations and, for the massive IIA supergravity, in particular, there is clear cut evidence for a (-1)form potential. We should clarify that there is no explicit construction of a spacetime metric and background fields characterizing members of the pbrane soliton spectrum in such purely algebraic analyses.
Schnakenburg and West make an insightful addition to this picture by identifying the momentum generator, the generator of spacetime translations, as playing the role of the (-1)form potential in the global symmetry algebra of the massive type IIA supergravity [27] . As in [16] , a generator is introduced for each of the pform potentials of the massive IIA supergravity theory, as well as for their Poincare duals, except for the dual to the nine-form potential. As pointed out in [27] , and mentioned above, unlike the other pform field strengths, the scalar field strength is non-dynamical and it would be redundant to introduce a corresponding ad-hoc generator into the algebra. The key observation in [27] is that the momentum generator, P a , of the ten-dimensional supergravity already plays the role of a generator corresponding to a putative "(−1)-form" gauge potential in the global symmetry algebra. The bosonic field content of the massive IIA theory is taken to be (in this notation, Neveu-Schwarz-Neveu-Schwarz and Ramond-Ramond sector potentials are not distinguished, h a b is the metric, and indices a,bc i , run from 0 to 9):
A is the dilaton, and A c 1 c 2 is the Neveu-Schwarz twoform potential, coupling to perturbative type IIA closed strings. Their Poincare duals are the eight-form, and six-form, gauge potentials, respectively. The 1-form and 3-form gauge potentials, and their Poincare dual 5-form and 7-form potentials, are from the Ramond-Ramond sector. No dual fields have been introduced for the nine-form potential, nor for the metric. We now introduce generators, R c 1 ···cp , corresponding to each p-form gauge field listed in Eq. (18) . Let us denote the generators of GL(10, R) as K b a , then GL(10, R) invariance manifests itself in the commutation relations:
The difference of the K 
If we now check the commutation relations among the R c 1 ···cp by themselves, we find that Eq. (20) is simply a special case of this algebra with P a playing the role of a putative (-1)-form potential [27] :
We can set c −1 = mb 0 . The structure constants in Eq. (21) can be determined by verifying consistency with the Jacobi identities and the result takes the form [27] :
As pointed out in [27] , the limit m → 0 smoothly recovers the global symmetry algebra of the massless type IIA supergravity [28] . Notice the satisfying agreement with the physical interpretation of the (-1)-form potential as generator of spacetime translation in the previous section from the perspective of the boundary state formalism [23] .
Conclusions
We have summarized the evidence from both the perspective of the spacetime and worldsheet formulations of the type II string theories for the existence of point sources with Dirichlet (-2)brane charge. We have clarified, in particular, that Dirichlet(-2)brane charge is not to be associated with an ad-hoc new supergravity potential, evidence for which is absent both in the ten-dimensional Lagrangian as well as in the boundary state formulation of the other Dirichlet pbranes, −1 ≤ p ≤ 9. Rather, it should be associated with the generator of spacetime translations, an object already present in the supergravity theory. We find satisfying agreement with the result of the worldsheet computation of the D(-2)brane tension given by us in [21, 22, 24] , a discovery that grew out of developments in the covariant path integral representation of the macroscopic loop amplitude, initiated by the 1986 result for the pointlike offshell closed string propagator given in [18] .
We have found concrete evidence for point sources of the Poincare dual of the ten-form field strength, but what does this tell us more generally about the validity of Poincare duality in String/M theory? As explained in the Introduction, uplifting the type I ′ soliton to eleven dimensions gives us a corresponding M theory soliton which also contains point sources of D(-2)brane charge. The spacetime geometry is as follows: a fundamental string extending along the interval X 10 between orientifold planes in eleven dimensions, and terminating at a point within the worldvolume of a D9brane, with all ten translation invariances broken. In eleven dimensions, Poincare duality relates an eleven-form field strength with the scalar field strength coupling to a (-2)brane. Thus, once again, the termination of the F string on the D9brane with all ten translation symmetries broken will act like a point source of magnetic D(-2)brane charge in eleven dimensions. Notice that the association of the momentum generator with the (-1)form potential holds in every spacetime dimension; this is also obvious from the perspective of the boundary state formalism.
In other words, any theory with a spacetime translation generator automatically contains a mechanism for spontaneously broken Poincare invariance, and will have vacuum states carrying an associated Dirichlet(-2)brane charge. In particular, we could dimensionally reduce the theory all the way to zero spacetime dimensions, inferring the existence of a (-1)form potential in each dimension: 0 ≤ d ≤ 11. A quick check verifies that the Poincare duals of the zero form field strength for each value of d in this range correspond to the range: F 0 , F 1 , · · ·, F 11 . Thus, exact Poincare duality in eleven dimensions, consistent with the appearance of precisely 12 elements in the Dirichlet pbrane spectrum, −2 ≤ p ≤ 9, is consistent with the interpretation of M theory as originating in a zerodimensional theory, with a generator of spacetime translations. The reduced matrix proposal for M theory given by us in [30] is a candidate that meets this requirement. This observation is also in keeping with the general theme stressed in [28, 29, 30] : a fundamental formulation for M theory need not be inherently eleven-dimensional. Rather, it can be tested by its consistency with the consequences of supersymmetry and with what we can fathom about the hidden symmetry algebra of M theory.
